AEḡIS experiment's main goal is to measure the local gravitational acceleration of antihydrogenḡ and thus perform a direct test of the weak equivalence principle with antimatter. In the first phase of the experiment the aim is to measureḡ with 1% relative precision. This paper presents the antihydrogen production method and a description of some components of the experiment, which are necessary for the gravity measurement. Current status of the AEḡIS experimental apparatus is presented and recent commissioning results with antiprotons are outlined. In conclusion we discuss the short-term goals of the AEḡIS collaboration that will pave the way for the first gravity measurement in the near future.
Introduction
The main scientific goal of AEḡIS (Antimatter Experiment: Gravity, Interferometry and Spectroscopy) 1, 2 is to measure the fall of antihydrogen (H ) in the gravitational field of the Earth. Such measurement is a direct test of Einstein's Weak Equivalence Principle (WEP), which states that a trajectory of a falling test body depends only on its initial position and velocity, and is independent of its composition or structure. Although very precise measurements have been performed to test the WEP with ordinary matter, 3 there was no measurement done so far to test the gravitational interaction between matter and antimatter with even modest precision. Gravitational experiments were performed to study the fall of charged antimatter, 4, 5 but were overwhelmed by systematic errors due to the strength of electromagnetic forces on a bare charge. 6 Recently, the ALPHA collaboration presented rough bounds on the gravitational acceleration of antihydrogen 7 by studying theH annihilation position and the time of the release of antihydrogen atoms from a multi-polar magnetic trap. Within a 95% confidence interval the ratioḡ/g is in the range −65 <ḡ/g < 110.
AEḡIS collaboration plans to use a multitude of experimental techniques in order to measure the gravitational acceleration of antimatterḡ to, at first, 1% relative precision without theoretical assumptions.
a The AEḡIS experimental apparatus is located at CERN laboratory in the Antiproton Decelerator (AD) hall. The gravity measurement in AEḡIS will be performed by producing a pulsed cold antihydrogen beam and observing its vertical deflection in a set of moiré deflectometer gratings. Figure 1 shows schematically the AEḡIS antihydrogen production scheme. Antihydrogen will be produced using the charge exchange reaction between highly excited a The chosen method is not limited to 1% precision and can be improved in future if transversal H beam laser cooling schemes were implemented. for n Ps ≈ 20. Another important advantage is that the quantum states ofH are determined by n Ps , while the resulting antihydrogen temperature is given by the temperature of antiprotons prior to formation. Charge exchange reaction is thus well suited for production of low temperature antihydrogen in a controlled state. In order to make use of the very large cross sections offered by reaction (1) AEḡIS will produce and subsequently excite positronium to Rydberg states. Positronium will then fly into a Penning trap with trapped and cold 0.1 K antiproton cloud, where reaction (1) will take place.
2.H Production, Beam Formation and Gravity Measurement
The newly formedH will not remain confined in the Penning trap and will slowly spread out isotropically with its thermal velocity distribution (v ≈ 25 − 80 m/s). At this point we will use another feature of the charge exchange reaction, namely the fact thatH is produced in Rydberg states. Such states have large electric dipole moment and are sensitive to inhomogeneous electric fields. Using an electric field gradient AEḡIS will accelerate the high (or low) field-seekingH and form a beam with 0.1 K thermal transversal velocity distribution, and with a longitudinal velocity up to ≈600 m/s. Details on the beam formation in AEḡIS can be found in Ref. 9.
Positronium production and excitation
As can be seen in Fig. 1 the positronium necessary for the antihydrogen production will be produced in a positron-positronium conversion target. Positrons will be accelerated up to an energy of 7 keV and implanted into a nanoporous silica target. In such target material, where the pores are composed of ordered nano-channels, a large fraction of orto-positronium is emitted into vacuum. 10 As the positronium exits the pores it will be excited to Rydberg levels by two superimposed laser pulses. The laser system (currently fully functional) consists of a UV pulse (205 nm) that induces the n Ps =1 → 3 transition and a tunable IR laser pulse (1650-1700 nm), which allows for subsequent excitation to n Ps =16-30 levels. 
Gravity measurement
The gravitational accelerationḡ of antihydrogen will be measured by studying the deflection due to gravity of theH beam as it flies through a moiré deflectometer.
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The deflectometer is a classical device composed of two horizontal gratings and a third equidistant plane, where a shadow-like fringe pattern is created. The vertical position of the fringes depends on the atom beam velocity and on the force acting on the beam. In the case of AEḡIS the third plane will be a hybrid position sensitive detector with a high spatial resolution. The deflectometer gratings will have 40 µm pitch and 30% open fraction. If L is the length between the gratings (and the detector) and v is the velocity of the beam, then the vertical shift due to gravity δx in the deflectometer is:
In AEḡIS the flux of antihydrogen will be rather low, it is expected to produce between ten to a few 100H atoms every 300 s (threep shots from the AD). The advantage of a such low flux is that the time of individualH hits on the detector will be measured and thus the beam does not have to be monochromatic. To determinē g using Eq. (2) we will measure the time-of-flight of eachH that annihilates on the detector and its vertical position (δx).
The position sensitive detector will be composed of a silicon micro-strip detector and followed by a replaceable nuclear emulsion detector and a fiber tracker.
12, 13
The main advantage of the moiré deflectometer is that neither a collimated nor ultracold nor monochromatic beam is necessary to perform a measurement with required precision. Schematic of the so-called gravity measurement module, which includes the gratings and the position sensitive detectors can be seen in Fig. 2 .
The overall design of the detector is challenging not only for the requested to the high resolution (2-8 µm), but also because it has to work in cryogenic conditions. b
The nuclear emulsion detector offers an unmatched spatial resolution of few microns and thus increases significantly the sensitivity of the deflectometer, but it cannot provide time information. The silicon micro-strip detector, on the other hand, combines very good resolution (≈ 8 µm) with the time information, that the emulsion needs. The scintillating fiber tracker at the back of the emulsion improves the overall b Currently R&D within the collaboration is underway in order to determine at which cryogenic temperature the system is feasible (either 4 or 77 K). 2 . Schematic of the "gravity module" of AEḡIS (currently in development). The moiré deflectometer gratings and 50 µm thick Si detector (all equidistant) are located inside a UHV cryogenic chamber. The Si strip detector acts as an active vacuum window, right behind it in the high vacuum region and at cryogenic temperature is the nuclear emulsion detector, followed by a scintillating fiber tracker.
detection efficiency and provides a "rough" x-y information c of eachH annihilation so that the precise position can be extracted from the emulsion and associated with a correct time-of-flight information. If neglecting the systematic errors only 1000 reconstructedH atoms are necessary for a 1%ḡ measurement, 12 which is an order of magnitude improvement with respect to the original AEḡIS proposal. 
Status of the AEḡIS Experimental Apparatus
AEḡIS caught the first antiprotons from the Antiproton Decelerator (AD) in 2012. During 2013 there were no antiprotons available at CERN and thus commissioning of the system with positrons and electrons took place. An overall view of the experiment is shown in Fig. 3 . The positrons (see Sec. 3.1) are transferred through the positron transfer line into the main AEḡIS cryogenic traps located inside the 5 T and 1 T superconducting magnets. The antiprotons from the decelerator are slowed down in a set of degrading foils and subsequently caught in traps located in the high (5 T) magnetic field (Sec. 3.2), where they are also cooled to eV energies. They are then transferred into the 1 T trap system (Sec. 3.3), where the final cooling and H production and beam formation take place.
c A precise value has not yet been set, but the resolution will be in the order of 250µm. 
Positron accumulator system
The positron accumulator 14 system of AEḡIS is composed of a 22 Na β + source, a solid neon moderator, a CO 2 buffer gas trap and an accumulator. The system, along with a positron transfer line (see Fig. 3 ), is now complete. Once a sufficient number of e + is accumulated they are transported into the 5 T and subsequently 1 T magnet where the Ps production will take place. To produce sufficient amount of Ps forH produciton, large quantities of positrons are necessary. Currently, in 330 s 3 × 10 7 e + have been stored using a 740 MBq source. It is expected to reach the nominal design value of 10 8 e + within this year. In addition, after the commissioning phase is completed, an order of three times stronger radioactive source is foreseen to boost the number of available positrons in the future.
A new vacuum chamber designed for studies of positronium has been installed in late 2013 at the output of the positron accumulator. This chamber has a built-in e + buncher and allows to measure Ps conversion efficiency of various target materials at cryogenic temperatures and study the ideal parameters of laser excitation. The chamber is being commissioned and first measurements will take place soon.
3.2.p catching traps
In 2012, the Penning-Malmberg trap built for catching and cooling ofp and e + in AEḡIS has been tested for the first time. 15 The trap is built in a multi-ring geometry with electrode radii of 15 mm and it is located in a cold bore ( then cooled to eV-range within 40 s by a pre-loaded cloud of ∼10 9 electrons located in a smaller 120 V deep potential well.
During the 2012 run with antiprotons d the lifetime of coldp was of the order of 600 s, which allowed to perform tests of stacking of multiple shots of antiprotons. The limiting lifetime was caused by the insufficient vacuum level, which was estimated to be approximately 8 × 10 −13 mbar in the trap region. For this reason a modification of the vacuum system has been performed in 2013, which led to a factor two improvement in the room temperature vacuum level. In addition the temperature of the cryogenic system has been lowered and we expect that the lifetime ofp will improve by a factor two to four in the future runs, which should be adequate for the catching and cooling needs in this trap system.
1 T trap system
The trap system located in the 1 T superconducting magnet is a complex system of cylindrical Penning-Malmberg traps. As can be seen in Fig. 4 , the system comprises of four electrode regions with diverse requirements. The first part is a large radius (r = 22 mm) trap, which serves as a preparation trap after the transfer of particles from the 5 T magnet. In this trap the particle clouds, which form a non-neutral plasma, are compressed with the rotating wall drive. 16 The large trap splits into two traps with 5 mm inner radii. The on-axis trap is dedicated for antiproton transfer towards theH production trap, which is a novel cylindrical multi-ring Penning trap design with a semi-transparent mesh (for positronium passage) and equipped with low noise electronics. This trap is where the cooling of antiprotons to final temperatures will take place. At the moment the trap temperature is 7 K. A dilution refrigerator that could bring the temperature down to 100 mK is under development by the collaboration.
Another function of the large radius trap is to move positron plasma off-axis into the positron high voltage trap, which is used to accelerate positrons onto the Ps conversion target. The movement of positrons off-axis is performed by the excitation of the diocotron mode of e + plasma. 17 Currently the AEḡIS trap system is being commissioned with electrons and positrons.
Detector tests
During the 2012 antiproton run various detectors were tested with 100 keV antiprotons. Direct annihilations ofp on silicon and nuclear emulsion detectors were measured. Besides testing the response of various detectors to direct annihilation, Monte-Carlo simulation tools (using GEANT 4) were confronted with low energy antiproton data (for the first time in case of silicon). These detector tests pave the way towards the development of the final position sensitive detector suitable for gravity measurement in AEḡIS . The results can be found in Refs. 12 and 13.
Conclusions
AEḡIS plans to measure for the first time the gravitational acceleration of antihydrogenḡ to (at first) 1% relative precision. Most parts of AEḡIS have been constructed and are currently being commissioned with electrons and positrons. Some important experimental techniques have already been successfully implemented: efficient p catching and pre-cooling to eV-range or positron accumulation, which is close to its foreseen performance. The work on the final design of the moiré deflectometer and on the hybrid position sensitive detector are underway and production of the gravity measurement module will start soon.
The short term plans of AEḡIS are to test all the remaining components and techniques necessary forH production. This includes the transfer of positrons, the positronium production and laser Ps excitation and also the transfer and the cooling of antiprotons. In parallel to the main experimental program we are preparing the positronium test chamber in order to perform measurements on the Ps conversion efficiency, Ps time-of-flight and Rydberg positronium spectroscopy.
